The dsRNA-binding protein Staufen was the first RNA-binding protein proven to play a role in RNA localization in Drosophila. A mammalian homolog, Staufen1 (Stau1), has been implicated in dendritic RNA localization in neurons, translational control, and mRNA decay. However, the precise mechanisms by which it fulfills these specific roles are only partially understood. To determine its physiological functions, the murine Stau1 gene was disrupted by homologous recombination. Homozygous stau1 tm1Apa mutant mice express a truncated Stau1 protein lacking the functional RNA-binding domain 3. The level of the truncated protein is significantly reduced. Cultured hippocampal neurons derived from stau1 tm1Apa homozygous mice display deficits in dendritic delivery of Stau1-EYFP and ␤-actin mRNA-containing ribonucleoprotein particles (RNPs). Furthermore, these neurons have a significantly reduced dendritic tree and develop fewer synapses. Homozygous stau1 tm1Apa mutant mice are viable and show no obvious deficits in development, fertility, health, overall brain morphology, and a variety of behavioral assays, e.g., hippocampus-dependent learning. However, we did detect deficits in locomotor activity. Our data suggest that Stau1 is crucial for synapse development in vitro but not critical for normal behavioral function.
P
rotein synthesis-dependent synaptic plasticity is considered a fundamental mechanism facilitating learning and memory in the central nervous system. Local translation of mRNA stored in dendrites has emerged as an important mechanism contributing to this synapse-specific event (1) (2) . Although a number of components have been recently implicated in dendritic mRNA localization, the underlying molecular mechanisms are only partially understood. A key protein involved in this process is Staufen, a dsRNA-binding protein originally identified in Drosophila (3) . Drosophila embryos lacking Staufen exhibit anterior head defects, deletions of abdominal segments, and a lack of germ cell formation resulting from the mislocalization of oskar and bicoid mRNA (4) . Interestingly, a recent study implicated Drosophila Staufen in long-term memory formation (5) .
In mammals, the function of the two mammalian Staufen proteins, termed Stau1 and Stau2, is much less clear. Both Staufen proteins are components of RNPs that travel along microtubules from the soma to distant dendritic sites. Whereas Stau1 is thought to function in translational control and mRNA decay (6, 7) , the brain-specific Stau2 has been implicated in mRNA transport (8) and dendritic spine morphogenesis (9) . To address the role of the mammalian Staufen1 protein in vivo, we developed a loss of function allele in murine Stau1 using gene targeting. This allowed us to determine whether the lack of Stau1 affects neuronal granule assembly, synapse formation, or learning and memory.
Results and Discussion

Targeted Disruption of the Stau1 Gene Leads to a Mutant Stau1
Protein Deficient in RNA-Binding. To generate a loss of function allele in Stau1, we inserted an IRES␤geo cassette into exon 5 (10) . This exon encodes for most of the dsRNA-binding domain 3 (dsRBD3), which is crucial for RNA-binding (11) . Translation of any truncated 5Ј transcript would result in dsRBD1 and dsRBD2 and lack the critical functions encoded by dsRBD3. The targeting vector introduces a translational stop upstream of the IRES sequence and a cassette with a polyA into the BglII site of exon 5 (Fig. 1A ). This allele was designated stau1 tm1Apa (12) . Targeting was carried out in 129SvEv (129S7) ES cells. This was verified via Southern blotting using a 5Ј external probe (Fig. 1B  Bottom) and by 3Ј PCR (Fig. 1B Top) using primers stauR5 and neo236, yielding a 2.9kb PCR product. Two correctly targeted clones were selected that transmitted through the germline. The F1 founders were backcrossed once to parental 129SvEv mice before intercrossing. The resulting stau1 tm1Apa/tm1Apa mice were viable, reproduced normally, and showed no obvious anatomical abnormalities [supporting information (SI) Fig. S1 ]. Mice were genotyped by multiplex PCR as shown in Fig. 1C .
To determine the effect of the stau1 tm1Apa allele on expression of Stau1 protein, forebrain extracts were prepared from both WT and homozygous stau1 tm1Apa mice and subjected to Western blotting. Probing with an immunopurified polyclonal anti-Stau1 antibody (13) revealed a truncated Stau1 protein of Ϸ50 kDa that is substantially reduced in expression levels (Fig. 1D) . No protein of predicted full-length was observed. In contrast, Stau2 expression was not affected by the disruption of the Stau1 locus (Fig. 1E) . To further characterize the low level truncated protein, we isolated and sequenced mRNA from forebrains of stau1 tm1Apa homozygous mice. Transcripts isolated contain an in-frame deletion of 207 nucleotides (68 residues) coding for the dsRBD3 (Fig. 1F) as the result of skipping exon 5. We refer to this protein as ⌬Stau1. Since the dsRBD3 of Stau1 is crucial for RNA binding in Drosophila and mammals (11, 14) , we next assessed the RNA-binding capacity of the ⌬Stau1 protein by a Northwestern assay. Untagged mouse Stau1 and ⌬Stau1 were expressed in HeLa cells at approximately equal levels (Fig. 1G  Top) . After renaturation of the blotted proteins, the nitrocellulose membrane was exposed to a synthetic 32 P-labeled poly(rI/ rC) probe. Overexpressed Stau1 bound significant amounts of RNA (Fig. 1G Lower) . A second band of lower molecular weight, presumably an endogenous RNA-binding protein comigrating with overexpressed ⌬Stau1 (Fig. 1G, arrowhead) , prevents a conclusive statement regarding the RNA-binding capacity of the ⌬Stau1 protein. However, since this lower comigrating band is of the same relative intensity in all three lanes, we conclude that overexpressed ⌬Stau1 does not bind RNA to the same extent as overexpressed WTStau1.
Loss of WTStau1 Leads to Impairments in Dendritic RNP Localization.
Although brain extracts from stau1
tm1Apa homozygous mice contained significantly reduced levels of Stau1 (Fig. 1D) , we next asked whether any residual protein could be detected in hippocampal neurons. Both pyramidal neurons in the CA1 (Fig. 2B ) as well as dissociated hippocampal neurons in culture (Fig. 2D ) derived from stau1 tm1Apa homozygous mice fail to express significant amounts of Stau1 protein in contrast to their WT counterparts ( Fig. 2 A and C) . Staining of cultured neurons revealed that Stau2 is expressed at equal levels by both WT and stau1 tm1Apa homozygous mouse neurons in a particulate pattern in both the cell body and distal dendrites (Fig.  S2 A) . Since Drosophila Staufen heterooligomerizes with itself and several copies of oskar mRNA to form functional RNA particles (11), we investigated whether ⌬Stau1-EYFP protein shows any impairment in particle formation and dendritic localization upon expression in both WT (Fig. 2G ) or stau1 tm1Apa homozygous neurons (Fig. 2 H) . When WTStau1-EYFP was transfected into neurons derived from ⌬Stau1 mice (Fig. 2F) , 68% of all transfected neurons display puncta in dendrites (Fig. 2 I) , compared to 83% when transfected into WT neurons ( Fig. 2 E and I) . The maximum distance that WTStau1-EYFP puncta could be detected from the cell soma in neurons lacking WTStau1 was 81.76 m (Fig. 2 J) , not significantly different from when transfected into WT neurons (102.94 m). In contrast, when ⌬Stau1-EYFP was transfected into neurons lacking Stau1, only 18% of all neurons displayed punctate EYFP expression in dendrites ( Fig. 2 H and I) . In those neurons that contained punctate ⌬Stau1-EYFP, the average maximum distance from the cell body was significantly reduced (45.25 m to 102.94 m, P Ͻ 0.001, Fig. 2 J) compared to that of WTStau1-EYFP transfected into WT neurons. In summary, these data suggest that two functional copies of Stau1 are required for proper dendritic targeting of this protein. However, the presence of endogenous WTStau1 is sufficient to warrant particle formation and dendritic targeting of ⌬Stau1-EYFP as observed when this construct was transfected into WT neurons. Staufen proteins have the ability to endogenous Stau1 protein in HeLa. Proteins were renatured on the filter and exposed to a synthetic 32 P-labeled poly rI/rC probe. Arrowhead indicates unspecific RNA binding to a protein present in all extracts. UT, untransfected control. In contrast to WT (arrowhead), a shortened Stau1 transcript is found in stau1 tm1Apa homozygous mice caused by an in-frame deletion of 207 nts in RBD3 (arrow). As internal control, the dsRBD5 of Stau2 was amplified in parallel. The scheme below shows skipping of exon 5 in stau1 tm1Apa homozygous mice (Ϫ/Ϫ) leading to a deletion of 69 aa within the dsRBD3 (amino acids in italics, LQ is added in ⌬Stau1 due to alternative splicing). (G) ⌬Stau1 lacking RBD3 does not bind RNA in vitro. A Northwestern assay was performed on HeLa cell extracts transfected with WT (ϩ/ϩ) or ⌬Stau1 (Ϫ/Ϫ) and probed with an immunopurified polyclonal anti-Stau1 antibody (WB). The asterisk marks dimerize (11). We therefore postulate that this dendritic localization of ⌬Stau1-EYFP in the WT background arises via a possible protein-protein interaction between WTStau1 and ⌬Stau1-EYFP. Since ⌬Stau1-EYFP no longer localizes in dendrites of neurons derived from ⌬Stau1 mice, this suggests that the dsRBDs might be, at least in part, involved in dimerization. We also noticed apparent differences in the intracellular localization of ⌬Stau1-EYFP in glia (Fig. S2B) . In contrast to its typical ER association, ⌬Stau1-EYFP, although much less expressed in glia, shows a disrupted localization pattern. We next investigated whether the formation and/or delivery of RNA-containing particles is impaired in neurons derived from stau1 tm1Apa homozygous mice. In situ hybridizations for ␤-actin mRNA show a small but significant reduction in the number of distal dendritic mRNA particles (Fig. 2 K-M) : we found an average of 4.6 Ϯ 0.8 ␤-actin mRNA particles per distal dendrite of WT neurons in contrast to 1.6 Ϯ 0.5 (P Ͻ 0.001) in stau1 tm1Apa neurons. Similar observations were made using an oligo(dT) FISH probe to detect polyadenylated mRNA (Fig. 2N) . Furthermore, employing real-time PCR, we found small but significant changes in the amount of ␤-actin mRNA compared to GAPDH mRNA in stau1 tm1Apa -derived neurons (0.71 fold change, P Ͻ 0.01). Taken together, our data suggest that Stau1 is involved in dendritic ␤-actin mRNP delivery. However, it is important to note that ␤-actin mRNA may not be specifically affected, since we observed changes in polyadenylated mRNA levels in dendrites of stau1 tm1Apa neurons by FISH as well as for ␣-tubulin mRNA by real-time PCR (data not shown). Further work is needed to investigate which other RNAs are specifically affected by loss of Stau1. 
Neurons Lacking WTStau1 Show Impaired Dendritic Outgrowth and
Dendritic Spine Formation. Hippocampal neurons in culture develop in a stereotypical manner, both morphologically and temporally. During the initial culturing of neurons derived from both WT and stau1 tm1Apa homozygous mice, impairments in dendritic outgrowth were apparent. To visualize and quantify this phenotype, neurons were transfected with EGFP at 7 days in vitro (DIV) and fixed 18 h later. Sholl analysis was then performed on Ϸ60 neurons from 3 independent cultures. Stau1 tm1Apa homozygous neurons ( Fig. 3B and red circles and boxes in Fig. 3 C and D) demonstrated significantly (P Ͻ 0.001) less dendritic complexity at distances greater than 21 m from the center of the cell soma when compared to WT neurons ( Fig.  3A and black circles and boxes in Fig. 3 C and D) . Interestingly, primary dendrite number appears to be unaffected (9.6 Ϯ 0.42 SE versus 8.7 Ϯ 0.35 SE). However, neurons derived from stau1 tm1Apa homozygous mice displayed significantly fewer primary (7.7 Ϯ 0.34 versus 6.4 Ϯ 0.27, P Ͻ 0.01) and secondary (7.0 Ϯ 0.38 versus 5.3 Ϯ 0.32, P Ͻ 0.001) dendritic branch points as compared to WT neurons (Fig. 3D) . This was the first experimental evidence that neurons lacking WTStau1 show deficits in dendritic length and branching during development.
It has recently been reported that downregulation of Stau1 via RNAi leads to changes in spine morphology in hippocampal slice cultures (15) . Since the loss of Stau2 in vitro results in changes in dendritic spine morphology (9), we next assessed whether this impairment in dendritic targeting of the ⌬Stau1 protein leads to a similar phenotype in neurons derived from stau1 tm1Apa homozygous mice. Eighteen DIV, EGFP-transfected neurons were analyzed after 18 h for protrusion density and morphology ( Fig.  3 E and F) . Neurons derived from stau1 tm1Apa homozygous mice had a significantly lower (P Ͻ 0.001) protrusion density of 3.16 compared to 5.15 per 10 m for WT mice (Fig. 3 E, F, J) . Also, a change in morphology was observed. Although neurons lacking WTStau1 exhibited the stereotypical mushroom shaped dendritic spines (Fig. 3E ), they had a higher ratio of long, thin filopodia-like structures (see also Fig. S4 ). Neurons derived from WT mice had protrusions of an average length of 1.17 m, whereas neurons derived from stau1 tm1Apa homozygous mice had significantly longer protrusions (Fig. 3K, 1 .90 m, P Ͻ 0.001). This morphological phenotype is reminiscent of that found in neurons that have had Stau1 downregulated via RNAi (15) and of neurons lacking Stau2 (9) . As stated, we observed a reduction in protrusion density in neurons lacking Stau1. This was not observed in Lebeau et al. (15) . We can only postulate that this difference arises from the two experimental approaches used.
Next we determined whether neurons derived from stau1 tm1Apa homozygous mice were lacking presynaptic input. Both WT and stau1 tm1Apa homozygous-derived neurons were transfected with postsynaptic density protein-95 fused to GFP (PSD95-GFP) followed by immunostaining for the presynaptic protein synapsin 18 h later. Neurons lacking WTStau1 showed significantly less (P Ͻ 0.001) PSD95-GFP dendritic puncta compared to their WT counterparts (2.32 versus 3.92 per 10 m of dendrite length) (Fig. 3I) . However, all transfected PSD95-GFP puncta were still adjacent to presynaptic synapsin as observed in WT neurons (Fig. 3 G and H Insets) . This indicates that although protrusion density is lower in neurons lacking WTStau1 and that their protrusion morphology is altered, they still retain the ability to form functional synapses as defined by both pre-and postsynaptic components found in close proximity. Further work will aim at identifying the electrophysiological properties of neurons derived from both genotypes. formation in hippocampal neurons from homozygous stau1 tm1Apa mice translated to behavioral impairments, we tested these mice in two commonly used tests of hippocampus dependent learning and memory, the Morris water maze and contextual fear conditioning. In the water maze, both B6/stau1 tm1Apa homozygous mice (n ϭ 17) and WT littermates (n ϭ 20) demonstrated decreased escape latency over six training days (Fig. 4A, F 5 ,165 ϭ 34.15, P Ͻ 0.001) and rapid acquisition of a new platform position during reversal learning (F 2,66 ϭ 41.61, P Ͻ 0.001).
There was no significant difference in escape latency between genotypes during learning trials or in preference for the quadrant of the pool that previously contained the platform when it was removed during probe trials (Fig. 4B) . To increase sensitivity for learning deficits, we trained a separate cohort with two trials per day instead of four but again found no significant genotype difference (data not shown). In fear conditioning, mice learn to associate an aversive stimulus, a foot shock, with an auditory cue and a context, the conditioning chamber in which the shock occurred. Both B6/stau1 tm1Apa homozygous mice (n ϭ 13) and WT littermates (n ϭ 17) exhibited contextual and cued freezing (Fig. 4C, F 5 ,140 ϭ 113.12, P Ͻ 0.001, posthoc P Ͻ 0.001 for context and cued), but there was no significant difference in the level of freezing between genotypes. The lack of a deficit in hippocampal function may reflect compensatory changes involving other proteins or genetic background effects. Notably, behavioral deficits in hippocampus dependent tasks have been subtle, absent, or inconsistent in mice lacking other components of neuronal RNPs such as FMRP (16, 17) , BC1 (18) , and translin (19) , but changes in locomotor activity or anxiety-related behavior have been observed in all of these mouse models. To assess locomotor activity, we tested B6/stau1 tm1Apa homozygous mice (n ϭ 19, 9 males and 10 females) and WT littermates (n ϭ 21, 12 males and 9 females) in an automated open field activity chamber. Female mice exhibited significantly less activity overall ( Fig. 4D; F 1,35 ϭ 11.34, P Ͻ 0.01), and taking this difference into account, stau1 tm1Apa homozygous mice exhibited significantly less activity than WT littermates (F 1,35 ϭ 4.37, P Ͻ 0.05). There was not a significant difference in anxiety-related behavior in the open field test or in another test of activity and anxiety, the elevated zero maze (data not shown).
In summary, we have generated a loss of function allele in murine Stau1 using gene targeting to determine whether the lack of Stau1 affects neuronal granule assembly, synapse formation or learning and memory. Although no significant deficit in learning and memory could be observed, we did observe deficits in locomotor activity. There still remains the possibility of a subtle deficit in learning and memory yet to be detected. In culture, hippocampal neurons derived from stau1 tm1Apa homozygous mice display deficits in Stau1-containing RNP delivery to dendrites. Furthermore, these Stau1-deficient neurons have a significantly reduced dendritic tree and develop fewer synapses. Our data suggest that Stau1, as recently shown for Stau2, is crucial for synapse development in vitro but not critical for normal behavioral function.
Materials and Methods
Generation of stau1 tm1Apa Homozygous Mice. For all primer sequences used, see Table S1 . To generate the targeting construct (Fig. 1 A) , a cassette containing IRES␤geo (20) was inserted into the BglII site of exon 5 in a subgenomic clone derived from a 129 BAC library (Genome Systems). Electroporation and neomycin selection was carried out in 129SvEv embryonic stem cells (CCB). Clones were screened for the presence of correct targeting by Southern blotting with a 5Ј probe and 3Ј PCR as shown in Fig. 1B . Two correctly targeted clones were identified and transmitted to the germline. Founder animals were initially backcrossed twice to 129SvEv WT mice before intercrossing for viability analysis. Mice used in the behavioral studies were the product of two backcross generations, two to 129 SvEv and subsequently two to C57Bl6/J WT mice. DNA extraction and Southern blot hybridization were performed as described (21) . In brief, 10 g of genomic DNA were digested with EcoRI (Fermentas). Genotyping of the mice was determined by using an [␣-32 P]dCTP-radiolabeled Stau1 probe that has been generated with the Prime-It RmT random primer labeling kit (Stratagene) according to the manufacturer's protocol. This 5Ј probe contains stau1 exons 1 and 2 located 5Ј to the site of homologous recombination (nt 325-568, see Fig. 1 A) .
Cloning, RT-PCR, and Real-Time PCR. The cDNAs were amplified using the primers described in Table S1 . To express EYFP-tagged Stau1, PCR products were cloned into the pEYFP-N1 expression vector (Clontech). To express untagged Stau1, the same vector without EYFP was used. All constructs were subsequently sequenced. An RT-PCR was performed on total RNA isolated from brain of WT, heterozygous, or mutant mice using the RNeasy Kit (Qiagen) according to the manufacturer's protocol. For real-time PCR, total RNA from 18 DIV WT and stau1 tm1Ap hippocampal neurons was isolated using TRIzol (Invitrogen) and cDNA was amplified using M-MLV reverse transcriptase (Promega) according to the manufacturer's instructions. GAPDH was used as control. Quantitative RT-PCR was performed using an iQ SYBR Green with MyiQ (both Bio-Rad). The reactions were performed in 25 l final volume containing: iQ SYBR Green Supermix (Bio-Rad), 0.5 U TaqDNA Polymerase (Fermentas), forward and reverse primers (5 M, Table S1 ). Changes in expression of ␤-actin RNA were related to the expression of GAPDH according to the ⌬⌬Ct method. Experiments were repeated three times with RNA isolated from independent cultures. Data were tested for significance using a Student's t test and considered significant if P Ͻ 0.05.
FISH was essentially performed as previously described (22) . Modifications are provided in the SI Materials and Methods. The following RNA probes were used: ␤-actin (NM031144), nt 221-740 antisense and sense probes; histone H3.3 (X73683), antisense against full length. In the open field test, homozygous stau1 tm1Apa (n ϭ 19, 9 males and 10 females) and WT littermates (n ϭ 21, 12 males and 9 females) were placed in an automated open field apparatus for 30 min and activity was recorded. Female mice showed less activity overall and homozygous stau1 tm1Apa mice of both sexes exhibited significantly reduced activity than WT littermates. * , P Ͻ 0.05; ** , P Ͻ 0.01.
Cell Cultures and Transient Transfections.
Mouse hippocampal neurons were cultured and transiently transfected as described (23) . HeLa cells were cultured in DMEM supplemented with 10% of FCS and were transfected using the Transfast Transfection Reagent (Promega) according to the manufacturer's instructions.
Western Blotting and Northwestern Assay. For Western blots, the following antibodies were used: immunopurified polyclonal rabbit anti-Stau1 and antiStau2 (both at 1:2,000) and monoclonal mouse anti-alpha tubulin (1: 5,000; Sigma). HeLa cells were transiently transfected with constructs expressing either WT or mutant untagged Stau1. After cell lysis, an RNA-binding assay was performed as described (14) . After stripping, the membrane was then re-incubated with the immunopurified polyclonal Stau1 for Western blots analysis.
